In the present work, low concentration ammonia liquor ranging from 2 to 7 wt. % was used to remove CO 2 from model BFG with various packing materials. CO 2 removal efficiencies were to be more than 90% with proper gas to liquid flow rate ratio. Additional column is required to concentrate ammonia gas captured from the absorber and the regenerator. With regard to the required energy for regeneration process, the distillation energy should be taken into consideration in addition to regeneration energy itself. The reboiler temperature for CO 2 stripping in ammonia liquor process decreased from 96 at 2 wt. % solution to 83 at 7 wt. % solution, which is an important advantage over conventional MEA-based CO 2 absorption process. The outlet gas concentrations of ammonia of the absorber and regenerator were as high as 3 vol. % implying that the installation of washing stage for ammonia capture should be considered for practical application. CO2 absorption; ammonia liquor; BFG; low and medium temperature waste heat; regeneration energy; * Corresponding author. Tel.
Introduction
It is well known that carbon dioxide (CO 2 ) is the major greenhouse gas of which emission should be reduced. There have been various technologies to effectively separate CO 2 via chemical and physical absorption, adsorption, membrane, and cryogenic method. Among them chemical absorption methods are generally accepted as the most effective technologies at present [1] . The amine-based, specifically monoethanolamine (MEA), absorption process has been recognized as the most effective technology for CO 2 recovery at chemical and natural gas plants. However, the MEA process is regarded as an expensive option to separate CO 2 from massive gas-discharging plants. In addition the MEA process has the following disadvantages for CO 2 separation; low carbon dioxide loading capacity, high equipment corrosion rate, amine degradation by SO 2 , NO 2 , HCl, and oxygen in flue gas, and high energy consumption during absorption and regeneration.
For the CO 2 removal, electricity production power plant has received a lot of attention, but CO 2 removal in iron and steel production has done little attention till now, even though iron and steel plants emit more CO 2 than power plant at single point of source [2] . For instance, a 500MW coal-fired power plant emits about 3.8Mt of CO 2 /yr, while a blast furnace with capacity of 3Mt-steel production in a year emits about 4Mt of CO 2 . There are some differences between power plant and steel plant such as the gas composition and the possibility of waste heat utilization. In general, the iron and steel plants are integrated at one place and there exist low and medium temperature waste heats which are not recovered due to the economic feasibility. However, when low and medium temperature waste heat is utilized as the regeneration energy for the absorption process, the operation cost of CO 2 absorption process in iron and steel work will decrease remarkably. For the utilization of low and medium temperature waste heat, it is desirable to use an absorbent which functions at relatively low regeneration temperature. Ammonia liquor is a good example to serve the purpose and has been used to remove H 2 S and other sulfur compounds from coke oven gas (COG) at several steel works for a long time. Studies of ammonia liquor for the greenhouse gas absorption have been noticed after Bai and Yeh [3] and Yeh et al. [4, 5] . Moreover, Resnik et al. [6] and Diao et al. [7] reported aqua ammonia process and ammonia scrubbing for CO 2 capture, subsequently. Therefore, ammonia liquor featuring a low regeneration temperature is recommendable for the CO 2 absorption process at iron and steel works where there is a lot of waste sensible heat at low and medium temperature.
For this reason, we intend to develop an ammonia liquor-based process to capture CO 2 from blast furnace gas (BFG) which contains high concentration CO 2 and is the major CO 2 -emitting source at steel works.
Experiment
CO 2 absorption and regeneration studies in ammonia liquor were performed by two steps. Absorption experiments were conducted to determine the absorption conditions with a pyrex glass absorber as shown in Fig.1 .
The absorber was used to study the effects of the packing material, concentration of ammonia, and the gas to liquid flow rate ratio. Then, absorption and regeneration tests followed with a lab apparatus as depicted in Fig.2 . The equipment was used to decide the regeneration conditions, mass transfer capacity etc. for pilot plant design.
The inner diameter and the maximum packing height of the absorber were 50mm and 800mm, respectively. The absorber was divided into 4 stages; each stage is 200mm high. Two kinds of random packing materials, Raschig ring(ceramic, I.D. 6mm, specific surface area; 712m 2 /m 3 ) and Pro-Pak (316ss, 0.16in 2 , specific surface area; 1890m 2 /m 3 ) were used. The simulated BFG consists of 25 vol.% CO 2 and balance N 2 . The inlet gas flow rate varied from 20L/min to 30L/min. The inlet ammonia liquor flow rates were 0.25L/min and 0.5L/min and the concentration of ammonia in the solution were 2~4 wt.% for absorber test. The temperatures of gas and liquid were kept at 40 and the pressure was maintained at 1 atm.
For the absorption-regeneration experiment, structured packing material (AMT pacific, gauze type) was used in the absorber and regenerator. The inner diameter and packing height for the absorber and regenerator were 50mm and 1000mm, respectively. The gas composition was the same as in the absorption test. The inlet gas flow rates were 22.4L/min and 33.6L/min. The inlet ammonia solution flow rate has changed from 0.27L/min to 0.7L/min and the ammonia concentration was 2~7 wt. %. The temperature and pressure were the same as in the absorber experiments. The reboiler temperature was changed with the ammonia concentration. The CO 2 and NH 3 concentration were measured at the exits of the absorber and regenerator to calculate the CO 2 recovery efficiency and purity. 
Results & Discussions

Absorption test
Figs.3 and 4 are the plots of CO 2 removal efficiency as a function of ammonia concentration for Raschig ring and Pro-Pak, respectively. CO 2 removal efficiency increases with the increased ammonia concentration as shown in Fig.3 . When 4%-ammonia liquor was used for Raschig ring, the removal efficiency as high as 90% could be attained. For the Pro-Pak packing the differences of the CO 2 removal efficiencies with the change of ammonia concentration were not as significant as the Raschig ring cases. Little difference in the removal efficiency with different ammonia concentration was observed for the Pro-Pak absorber. The difference in CO 2 removal efficiency between the two was the biggest at 2% ammonia concentration, which may be due to the effect of surface area and packing density of packing materials. Since higher surface area of Pro-Pak packing leads to higher contact area of the gas and liquid molecules, removal of CO 2 was more effective with Pro-Pak packing than that with Raschig ring. The effect of gas flow rate on CO 2 removal efficiencies for Pro-Pak and Raschig ring was shown in Fig.5 . The maximum gas flow rate with Pro-Pak should be kept lower than that of Raschig ring because of its high packing density. Flooding has occurred when the gas flow rate was faster than 25cm/s for Pro-Pak, while it did not occur even at 50cm/s for Raschig ring. The CO 2 removal efficiency has steeply decreased with gas flow rate increase. As a result, Pro-Pak, materials with higher surface area, is more suitable for the high CO 2 removal efficiency, but the diameter of absorber should be larger than Raschig ring packing tower to prevent flooding. 
Absorption-regeneration test
Absorption-regeneration tests were carried out based on the absorption test results. For the absorption experiment, the ammonia liquor concentration was kept constant. In the course of absorption-regeneration test, the lean solution contains some amount of ammonium carbonate or bicarbonate ions in the ammonia liquor causing the CO 2 removal efficiency to be reduced. The structured packing material was used for absorption-regeneration test to increase the specific surface area and to decrease the pressure drop.
The temperature profiles of absorber and regenerator during absorption and regeneration were shown in Figs. 6 and 7. There is abrupt temperature increase in the middle of the absorber and the peak moves towards lower stages with increased of NH 3 concentration, which means absorption mainly takes place at the lower part of the column. For 2% solution the temperatures in the absorber were lower than those of inlet gas and liquid or 40 , respectively. For 5 and 7% solutions the peak temperatures were higher than those of inlet gas and liquid, and the absorber temperatures at each stage were higher than those of the 2% solution. The different patterns of temperatures with the NH 3 concentration may result from the solvent evaporation and reaction rates. The regeneration temperatures were found to be 96, 86, and 83 for 2, 5, and 7wt.% solutions, respectively. The regeneration temperature of 2% solution was lower than that of MEA solution system, which is usually operated at around 120 . However, the circulation flow rate of ammonia solution of 2% was much larger compared to the MEA 20wt.% solution implying that larger amount of heat supply needed for regeneration, which is economically disadvantageous. The CO 2 removal efficiencies were 92, 90, and 86% for 2, 5, and 7wt.% solutions, respectively.
In order to decrease regeneration energy, the absorption liquor flow rate should be decreased and this calls for the increase of the ammonia concentration in turn. The comparison of regeneration energies and CO 2 transfer capacity of ammonia solution were shown in Figs.8 and 9 . 
Concentration of N H3
The most important factor quantifying regeneration heat was the circulation flow rate of absorbent which determines the amount of sensible heat of regeneration. The regeneration temperature is another important quantity. As one can observe in Fig.8 , the regeneration energy with 5% solution is quite comparable to that of 20% MEA solution. During the absorption and regeneration, ammonia loss has occurred because of the evaporation and the gas stream should be washed to reduce it. Moreover, additional energy is required for the distillation of captured ammonia solution. Considering the distillation energy, the minimum ammonia concentration should be higher than 5%. Note that the biggest advantage using ammonia solution for CO 2 absorption over other absorption technologies is that the process can operate at relatively low regeneration temperature. And low regeneration temperature intrinsically means that low grade waste heat could be used as regeneration energy. At iron and steel-making workplaces there are abundant low and medium temperature waste heat such as the hot flue gas from blast furnace (200~250 ) and power station flue gas (150~200 ) which have not been recovered up to the present because of the economic feasibility. We expect the above-mentioned waste heat can be easily recovered up to the temperature 115~120 using traditional heat recovery system. It is difficult to utilize it as regeneration energy for MEA process because of the degree of temperature, but it is high enough to be used for ammonia-based CO 2 -absorption process.
The average ammonia concentration was to be 2.6 vol.% at absorber exit gas from 8 independent runs. This may be the results of stripping by gas-liquid contact in absorber. To remove the gaseous ammonia we recommend to install a washing unit. The amount of washing water is one of the key factors to determine the operation costs. The larger the amounts of washing water, the bigger the amount of distillation energy.
The solubility of gas into liquid decreases with the increase of the temperature. Therefore, the temperature increase in the absorber due to the absorption heat decreases the CO 2 solubility into NH 3 solution. We tried to reduce the temperature increase by using a side stream for the cooling purpose in which a portion of absorption liquor is split at the middle stage of the absorber. Then, it was cooled down, finally re-supplied to the same stage of absorber. The result of cooling effect was shown in Fig.10 . Half of the runs (no.1 to 4) were operated without cooling, the other half (run no.5 to 8) were conducted with cooling.
As shown in Fig. 10 , the temperatures below the re-supplied stage were reduced by maximum 8 . The CO 2 removal efficiencies with the cooling of absorbent solutions were increased by 6~8% as shown in Fig.11 . As mentioned earlier, this is maybe due to the increase of CO 2 solubility or the decrease in absorption temperature. However, we believe that the formation kinetics of carbonate ions, which also affects the solubility, will be also influenced by temperature change. The effect of changes in carbonate ions, i.e. bicarbonate or carbonate should be studied further to clarify the solubility increase mechanism.
The construction of a bench scale pilot plant for CO 2 absorption from BFG stream with 50Nm 3 /hr capacity is to be completed at POSCO. To test the feasibility of the work the regeneration energy will be supplied by recovering of low temperature waste heat from power plant stacks. The test is scheduled to start in November 2008. Fig.11 
Conclusions
A study on CO 2 removal by ammonia-based absorption and regeneration system was performed in packed towers with various concentrations of ammonia solutions ranging from 2 to 7wt.%. To obtain the similar level of removal efficiency in comparison to the MEA process, the concentration of ammonia should be higher than 5 wt.%. The optimum regeneration temperatures and transfer capacities for 2, 5, and 7wt.% ammonia solutions were 96, 86, 83 , and 0.02, 0.032, 0.036 g-CO 2 /g-solution, respectively. With the cooling of ammonia solution by installing side stream and cooler, the temperatures increase due to the absorption heat could be diminished and the CO 2 removal efficiency could be increased by maximum 8 vol.%. To protect the ammonia slips in the absorber and regenerator, the installation of washing stages is recommended. The use of washing water should be minimized because the distillation energy for ammonia from washing water is the one of the key factors influencing the operation cost of CO 2 recovery. In conclusion, the ammonia liquor solution for the CO 2 absorption is highly recommended to the workplace, for example iron and steel-making plants, where the low and medium waste heat recovery is available due to its low regeneration temperature.
